Pyrolysis of cylindrical woody biomass has been investigated both numerically and experimentally with emphasis on intra-particle heat transfer and tar decompostion. In experiment, wood cylinder of 8 mm diameter and 9 mm length was pyrolyzed in an infrared reactor exposed to both convective and radiative heat fluxes in argon environment. The final reactor temperature was 973 K, and heating rate was 5, 10 and 30 K/s. Three K-type thermocouples were located in the sample to measure intra-particle temperature history. The weight fraction history and intra-particle temperature profiles were measured at different runs. Tar was obtained at a cold trap. In calculation, a two-dimensional, unsteady state single particle model was developed and used to simulate the pyrolysis process. Wood cylinder was modeled as an isotropic porous solid. Solid mass conservation equations were solved by using first-order Euler Implicit Method. Gas phase mass conservation equations and energy conservation equation were discretised by finite volume method. In order to investigate the effect of intra-particle heat transfer, simulations were carried out, first, by considering temperature gradient and second, by assuming uniform temperature within the sample. When temperature gradient was considered, simulation results were in good agreement with experimental data. When uniform intra-particle temperature was used in the simulation, simulation results were quite different from experimental measurements, the degree of difference increasing with increase in heating rate. Both calculation and experiment showed tar yield decreased with increasing heating rate. This was because tar formation reaction and intra-particle tar decomposition reactions were enhanced by increase in heating rate but the latter was dominant. It was shown that intra-particle heat transfer and tar decomposition played an important role in pyrolysis characteristics of wood cylinder.
Introduction
An increase in the world population and the rise in standards of living all over the world have resulted in a high increase in energy demand. Increasing CO 2 emissions and the depletion of conventional fossil fuel resources have compounded the energy challenges. As a result, new energy sources, which are renewable and environmentally friendly, have attracted interest. Biomass energy technology amongst others is a promising option (1, 2) .
Although, there are various biomass conversion methods, thermo-chemical conversion is often employed. Gasification and pyrolysis are the most common processes in thermo-chemical conversion (3) . Unlike coal particles, biomass particles used in combustors and gasifiers are much larger because biomass materials cannot be economically processed into very fine sizes due to a higher volatile content and moisture level. According to the Swedish standard, the diameter of pellet is 6-8 mm (4) . Moreover, the average thermal conductivity of biomass is very low. Therefore, it is important to discuss the effect of intra-partcle heat transfer on pyrolysis. Although researchers have investigated the effect of heat transfer during biomass pyrolysis (5) (6) (7) , numerical and experimental information available about the effect of heating rate on intra-particle transport phenomena is insufficient.
In pyrolysis and gasification, aside from gaseous fuel yield, tar and char are also formed. Tar in product gases is a contaminant. At low temperature, tar condenses, fouling process equipment and limiting the end-use of biosyngas in engines and turbines. Therefore, one of the main problems in biomass pyrolysis and gasification is tar contamination. Some researchers have reported primary and secondary methods for tar reduction (8, 9) . Primary methods are all measures taken during gasification process to prevent tar formation or to convert the tar formed in the gasifier. Secondary methods are used as treatments to the hot product gas downstream the gasifier. As a primary measure for tar reduction, proper selection of the operating conditions is of prime importance. Many researchers have studied biomass pyrolysis numerically and experimentally (10) (11) (12) (13) (14) but insignificant attention has been given to investigating the possibility of tar reduction through intra-particle tar decomposition. In order to study intra-particle transport phenomena and tar decomposition, numerical simulation is a useful tool. At present, many simplified reaction mechanisms exist for the study of biomass pyrolysis. These are either one-step global models (15) (16) (17) (18) (19) or one-or two-stage multiple reaction models (20, (21) (22) (23) (24) (25) (26) . Di Blasi (27) and Prakash and Karunanithi (28) have given some comprehensive reviews of advances in modeling and simulation of chemical and physical processes of wood and biomass pyrolysis. Park et al. investigated that thermal decomposition of 25.4 mm diamter dry wood spheres both experimentally and numerically (29) . In their work, wood spheres were pyrolyzed at temperature ranging from 638 K to 879 K, and they revealed internal pressure build up was different at different heating rate. However, intra-particle tar decomposition was not discussed well. The purpose of this study is to investigate intra-particle heat transfer and tar decomposition experimentally and numerically. The possibility of tar reduction through intra-particle tar decomposition is discussed at different heating rates during biomass pyrolysis. Figure 1 shows a schematic diagram of the experimental set-up. The experimental set-up essentially consists of a thermo-balance (ALVAC, TGD-9600), a reaction tube and tar trap. Sample weight loss was measured by the thermo-balance. A Japanese cypress wood cylinder (φ 8 mm ×9 mm), cut from trunk, was put in a Pt cell (0.5 mm thickness) with the thermometric point. Table 1 and 2 show ultimate analysis and proximate analysis of wood cylinder used in this research, respectively. Argon at ambient temperature was used to purge the reactor. At the outset of each run, wood cylinder ( ρ = 400 kg/m 3 ) was dried at a temperature of 383 K for at least 10 min. Pyrolysis process was performed at three different heating rates (5, 10 and 30 K/s) in the atmosphere of argon flowing at 0.8 l/min. Heating rate was controlled by the thermometric point. The thermometric point temperature increased linearly up to 973 K and was kept constant at this temperature until the sample weight remained constant. Wall temperature of tube from thermobalance to tar trap was set to 473 K to prevent tar from attachment. Tar was collected at the ice-cold trap. Tar is defined as condensable compounds collected at the cold trap in this experiment. Figure 2 shows photograph of wood cylinder and thermocouple position. Wood cylinder was put on the Pt cell with inner diameter of 10 mm. The temperature distribution was measured by three K-type thermocouple probes (0.5 mm diameter) inserted through 0.5 mm diameter drilled holes in the sample. The radial positions of three thermocouples are 0, 1, 2 mm, respectively. A data logger (MEMORY HILOGGER 8430, Hioki Corp.) acquired temperature data from the thermocouple with an interval of 500 ms. The mass loss and temperature histories were measured at different runs. Heat flow through the thermocouples to the sample was quite lower than that from infrared furnace to the sample and has insignificant effect on the result. Figure 3 shows the structure of the model used in this study. This model is a combination of the models proposed by Park et al. (29) and Suuberg et al. (20) . The model proposed by
Experiment

Mathematical model
Park et al. (29) well reproduces pyrolysis process, however, secondary tar, which is important to discuss intra-particle tar decomposition, does not included. Moreover, at high heating rate, (20) . In Suuberg's model, tar is divided into primary and secondary tars. Primary tar is liquid while secondary tar is in gaseous phase. Primary tar is converted to gas, secondary tar and char: this scheme (20) was used in this work. The secondary tar, however, was not separated from gas in their model. In order to separate volatile yields resulting from secondary tar decomposition, therefore, stoichiometric coefficients a and b are used (30) . Coefficients a and b express the fraction of primary tar converted to gas and secondary tar respectively and the values were used as shown in (30) . Secondary tar included water in this research.
Figure 3 Pyrolysis model used in this research
As shown in the Figure 3 , wood first decomposes by three endothermic competing primary reactions into gas, primary tar and intermediate solid (29) . The primary tar further undergoes secondary reactions (20) . Tar is an extremely complex mixture of organic compounds, a huge number of chemical reactions would be required to describe the details of its transformation during secondary reactions. These reactions may include cracking, partial oxidation, re-polymerization, condensation (31) and evaporation (20) . Therefore, some simplified assumptions have to be made because it is generally difficult to account for all these reactions. Wood consists of three major components: hemicelluloses (25-35 %), cellulose (40-50 %) and lignin (16-33 %) (29) , the most major component is cellulose. Levoglucosan is known to be a major component of cellulose tar (20) . Therefore, for simplification, primary tar is assumed to be levoglucosan. Table 3 shows the kinetic parameters used for the pyrolysis model. Reaction kinetics parameters proposed by Park et al. and Suuberg et al. are used in this research. As in other related pyrolysis modeling studies, all secondary reactions undergone by the primary tar are assumed to be exothermic (29, 32) . This assumption has been experimentally supported (33) .
Reaction rates were assumed to follow Arrhenius expression of the form
) . Arrhenius parameters and reaction enthalpies are as used in Park et al. (30) except the Arrhenius parameters for secondary tar decomposition reactions to yield gas and secondary tar, which were taken from Suuberg et al. (20) . The heats of reactions were assumed to be constant over the considered temperature range. Table 3 Kinetic parameters and heat of reaction Stoichiometric coefficients: a = 0.65 (12) , b = 0.35 (12) wood gas
Primary tar
Intermediate solid
Secondary tar bk g2 k t1
Numerical simulation
Governing equations
The governing equations include the mass conservation equations and energy equation. Model assumptions in this study include the following: -Sample can be described by a two-dimensional, time dependent computational domain.
-Local thermal equilibrium exists between solid and gas phases within the particle. This implies that the gas leaving the particle readily heats up to the temperature of the wood char through which it flows (13) .
-Components in gas phase obey ideal gas law.
-Sample volume does not change during pyrolysis.
-Diffusive transport of gaseous species within the particle pores is negligible. This implies that only mass flux by convection is considered since the effect of diffusion is very small compared to convection (13) . The effect of natural convection on pyrolysis is also negligible.
-Gasification reaction caused by H 2 O and CO 2 released during pyrolysis is not considered. Jarvinen et al. have investigated this gasification, and pointed out this gasification became important when temperature exceeded 1073 K while devolatilization were still occurring in large particle (34) . In general, char gasification by H 2 O and CO 2 is progressed over around 1073 K. In our experiment, however, maximum temperature is less than 1000 K. Therefore, the gasification is negligible.
Solid mass conservation equation
The virgin biomass solid instantaneous mass balance contains three consumption terms, each for the reaction yielding gas, primary tar and intermediate solid: 
Similarly, the char instantaneous mass balance contains two terms, one for the conversion of the intermediate solid to char and the other from the secondary reactions of primary tar to yield char as given below:
Mass conservation equations of gas phase components
Mass conservation equations for all gas phase components are expressed by two-dimensional cylindrical coordinate system consisting of both temporal and spatial gradients and source term.
Ar:
Gas:
Primary tar:
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Secondary tar:
S g , S t1 and S t2 are the source terms for gas, primary tar and secondary tar respectively and are given by:
S t2 = ε bk g2 ρ t1 (10)
Intra-particle tar and gas transport velocity is estimated by using Darcy's law,
( 1 2 ) where µ is the viscosity. Porosity, ε, is expressed as:
where ε w,0 , ρ s,sum and ρ w,0 are the initial porosity of wood, the sum of solid mass density and initial wood density, respectively. The permeability B of the charring woody biomass is expressed as a linear mass interpolation between the solid phase components, given as:
where η is the degree of pyrolysis and is defined as:
( 1 5 )
Energy conservation equation
The energy conservation equation is given as:
where Q is the heat generation, given by:
The primary pyrolysis reactions have the same heat of reaction as shown in Table 3 . Effective thermal conductivity of the particle comprises of both the conductive and radiative components, given by: (18) Journal of Thermal Science and Technology Vol. 6, No. 3, 2011 where λ cond and λ rad are calculated as the weighted sum of virgin wood, char and volatiles conductivity and accounting for radiation heat transfer through the pore. λ rad = 13.5σT
where σ, e and d pore are the Stefan-Boltzmann constant, emissivity and pore diameter respectively. Table 4 shows the properties of the biomass sample.
Pressure evolution
Total pressure is the sum of the partial pressures of argon (inert gas), gas and secondary tar.
where M and R are the molecular weight and the universal gas constant respectively. Combining equations (4), (5) and (7), (11) - (12) and (21), the total pressure equation is given by:
Numerical procedure
Wood cylinder was modeled as an isotropic porous solid. The pores were assumed to be filled initially with argon. As the solid was pyrolyzed, tar and gas were formed while argon was released to the outer region. The solid mass conservation equations (eqs. (1) -(3) ) were solved by first-order Euler Implicit Method. The mass conservation equations for gas and tars (eqs. (4) -(7)), energy conservation equation (eq. (16)) and the total pressure equation (eq. (22)) were discretised using finite volume method. Hybrid differencing scheme was adopted for the convective terms. First-order fully implicit scheme was used for the time integral with time step of 0.005 s.
The computational grid numbers of the axial and radial directions were 80 and 40 respectively. The resulting simultaneous equations were solved by Tri-Diagonal Matrix Algorithm (TDMA). Simulation converged when any of the normalized residuals of gas phase equations was less than or equal to 0.001. The residual was a measure of the overall conservation of the flow parameters. The grid numbers and time steps were determined after a number of runs to find out the effect of grid numbers and time steps on calculation results. Therefore, the grid numbers and time step chosen were adequate for this calculation. Figure 4 shows a schematic diagram of the computational domain and boundary conditions. Top and side boundaries were exposed to the surrounding gas, and bottom boundary contacted with Pt cell. Therefore, the convective and radiative heat fluxes were given as the top and side boundary conditions, and bottom temperature was given as the bottom boundary condition. T gas and T wall were given by measurement. Previous work estimated convective heat transfer coefficient (h c ) around wood cylinder during pyrolysis (35) . Since their experimental conditions including fluid charactertistics are similar to those in this work, the same convective heat transfer coefficient was used in the calculation. Flow rate of Argon was much larger than amount of released tar in this work. Therefore, for simplification, released tar and gas were removed from solid surface immediately. In fact, it was assumed that the solid surface were exposed to Argon (ρ Ar,bulk ) directly, and other gases mass concentration at the bulk (ρ g,bulk , ρ t1,bulk , ρ t2,bulk ) were set to 0, respectively. Calculation algorithm is as follows: 1. Grid generation 2. Initial condition set 3. Time update 4. Calculate reaction kinetics parameters using Table 3 5. Calculate physical properties of solid sample 6. Solve the solid mass conservation equations (eqs. (1) - (3)) 7. Solve the mass conservation equations for eqs. (4)- (7), energy conservation equation for eq. (16) and total pressure equations for eq. (22) with iterative procedure and calculate the velocity using eqs. (11, 12) until calculation is converged. 8. Return to step 3 if intra-particle temperature distribution is not uniform (maximum temerature difference between current and previous one is larger than 0.005 K (max| T -T old | > 0.005 [K])). 9. End. To investigate the effect of intra-particle heat transfer on pyrolysis characteristics, calculation with uniform temperature was also carried out. In uniform temperature calculation, intra-particle temperature was assumed to be uniform and the thermometric temperature whose position is shown in Figure 1 was given as intra-particle temperature, instead of solving energy conservation equation (eq. 16). Energy conservation equation was solved in all calculation results except for Figs. 6-8 with a caption of uniform temperature. Figure 5 shows instantaneous contours of wood cylinder at different heating rate when the solid weight fraction is about 0.3. Figure 5 (a) shows temperature contour. With increasing heating rate, temperature gradient appears. Figure 5 (b) shows primary tar formation rate. Primary tar formation reaction is progressed from cylinder surface to inner solid in all heating rate, and biomass is converted to char from outside. In this figure, the primary tar formation occurs in the solid at 30 K/s, although tar formation is widely progressed at 5 and 10 K/s. This is because pyrolysis is almost terminated at the surface at 30 K/s due to the rapid increase of temperature. Figure 5 (c) shows velocity vectors of volatile products. First, volatile products are formed in the sample, and it causes intra-particle pressure generation which is the driving force of velocity. Then, volatile products move towards the surface where pressure is low. Rapid formation of volatile products caused high pressure generation. This is the reason why velocity increases with increasing heating rate as shown in Figure 5 (c). And, outside velocity is higher than inner velocity since the char permeability is much higher than that of raw wood as shown in Table  4 . Pressure difference is also important factor, however, the change of pressure difference between inside and outside is not so large compared with permeability. Figure 5 (d) shows primary tar decomposition rate. The primary tar decomposition rate is the highest at 30 K/s. This is because primary tar formed in the sample passes through the char layer with high temperature enough to progress tar decomposition at high heating rate. It indicates the intra-particle tar decomposition rate increases with increasing heating rate, although the intra-particle residence time decreases. Intra-particle tar decomposition is discussed later.
Results and discussion
Dynamics of wood cylinder pyrolysis
Temperature profile and weight fraction history
Figures 6-8 show the pyrolysis characteristics of the sample at 5, 10, 30 K/s, respectively. The profiles characteristics of the measured temperatures are well reproduced by the calculation in all heating rate. However, measured temperature histories before pyrolysis are a little lower than the calculations at 5 K/s and 10 K/s. With progression of pyrolysis, the effect of thermal conductivity of wood on temperature distribution becomes small, and other effects such as reactions play an important role. Therefore, the reason why calculated temperature is a little higher than experimental one before pyrolysis is approximation of thermal conductivity of raw wood. Thermal conductivity also varies with location within the sample and between different samples. Many researchers approximated this anisotropic and inhomogeneous behavior to perform calculation (29) . While this is approximate, the error is expected to be small (29) . At 30 K/s, pyrolysis reaction starts relatively quickly due to its high heating rate. Thus, the effect of thermal conduction of raw wood is relatively small, and the such kind of error is not found at 30 K/s. When heating rate is 5 or 10 K/s, first, temperature increases gradually, then decreasing slope of temperature can be seen in both experiment and calculation around 60 sec for 5 Ks and 40 sec for 10 K/s. A explanation would be that this decreasing of slope is caused by the endothermic heat of pyrolysis, as pointed by many researchers (29, 36) . Next, sudden temperature change appears around 70 sec for 5 K/s and 50 sec for 10 K/s, although heating rate of thermometric point is kept at constant. It is difficult to explain an significant increase in the slope of the temperature by only exothermic reactions. An increase in the slope can be explained by the change in the heat capacity. While sample weight decreases, an amount of gas is formed. Heat capacity of gas formed during pyrolysis is quite less than that of char. The overall heat capacity just temperature increases suddenly. As for 30 K/s, shrinking and swelling of wood cylinder is found after pyrolysis. And, sample split is also observed. This swelling behavior can be expressed by internal pressure. Pressure build up is the result of large volatiles flow in thick char and thin partially pyrolyzed wood (10) . This effect is not considered in the calculation, and char cracking is expected to enhance heat transfer between gas and solid. Therefore, as shown in Figure 8 (a), calculation is slightly lower than 
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Vol. 6, No. 3, 2011 370 experiment around 20 sec, at which pyrolysis reaction is progressed, because cracking and swelling are not considered in this calculation. As shown in weight fraction history, when intra-particle heat transfer is considered, numerical result is in good agreement with measurement. Contrarily, predicted weight fraction history without intra-particle heat transfer consideration grossly under estimates experimental data. With increasing heating rate, the difference between experiment and calculation without considering intra-particle heat transfer increases. This is because temperature gradient, especially for radial direction, increases with an increase in heating rate. Thermal conductivity for radial direction is lower than that for axial direction. Intra-particle heat transfer plays an important role in pyrolysis of wood cylinder. Even when intra-particle heat transfer is considered, calculated char yields are little lower than experimental ones. It is very difficult to show the reason because many complex phenomena are included to calculate char formartion. One of the reasons may be the limitation of global reaction mechanisms. Combination with detailed pyrolysis model such as CPD (Chemical Percoration Devolatilization) (37) model will be future works. Figure 9 shows the calculated and measured total tar yields at different heating rates. Total tar weight, W tar ,was estimated numerically by:
Primary tar secondary reactions
where V is vertical gas velocity against solid surface, A is solid surface area, and t is elapsed time during heating. Tar yield is W tar normalized by initial solid weight.
As shown in Figure 9 , both experimental and numerical results showed that total tar yield decreased with increasing heating rate, although previous research has reported that tar yield of cypress sawdust increases with increasing heating rate (36) . In fact, opposite results are obtained when wood cylinder is used. This is because intra-particle tar decomposition is enhanced within the wood cylinder before tar is eventually released as discussed later. Simulation results overestimate experimental results for total tar yield. This is due to the fact that heterogeneous reaction is not considered for intra-particle tar decomposition in this study. Intra-particle tar decompostion may occur homogeneously in the pores of the sample while undergoing primary degradation and heterogeneously over the char surfaces and extra-particle surfaces (27) . However, due to lack of kinetic data for heterogeneous reactions, only homogeneous reactions are considered in this study. There is a possibility to optimize the experimental conditions during primary pyrolysis to significantly facilitate intra-particle tar decompostion reactions, thereby drastically reducing the overall tar yield. Figure 10 shows the variation of the ratio of amount of intra particle tar decomposition rate (R s ) to the amount of primary tar formation reaction rate (R p ). The ratio of R s to R p is simulated at each heating rate. An amount of primary tar formation reaction rate (R p ), and that of intra-particle tar decomposition rate (R s ), are estimated as: 
where dV c is the each cell volume (control volume) and t is elapsed time during heating. As shown in the Figure 10 , an increase in this ratio with increasing heating rate implies that though primary tar formation reaction and secondary tar decomposition reactions are enhanced by increase in heating rate, but the latter becomes dominant with increasing heating rate. Therefore, tar is decomposed before it is released from cylinder surface. It is clearly shown intra-particle tar decomposition affects tar yield strongly. Detailed reaction mechanisms of intra-particle tar decomposition will be the subject of further study. Figure 10 Ratio of amount of intra-particle tar decomposition reaction rate to that of tar formation reaction rate
Conclusion
Pyrolysis characteristics of cylindrical woody biomass were investigated both numerically and experimentally with emphasis on intra-particle heat transfer and tar decompostion. And, the possibility of tar yield reduction through intra-particle tar decomposition during the pyrolysis process of cylindrical woody biomass was discussed. A two-dimensional, time-dependent single particle model was developed and used to simulate the pyrolysis process at three different heating rates. The simulated pyrolysis characteristics with considering intra-particle heat transfer were in good agreement with the measured data. However, predicted weight fraction histories without intra-particle heat transfer consideration differed from experimental measurements with the degree of difference increasing with increase in heating rate. It indicated that intra-particle heat transfer played an important role in pyrolysis process of wood cylinder whose size was close to that used in actual biomass combustor. Moreover, both experimental and numerical results showed total tar yield decreased with increasing heating rate. This was because both primary tar formation reaction and intra-particle tar decomposition reactions were enhanced by increase in heating rate but the latter became dominant with increase in heating rate. It is clearly shown intra-particle tar decomposition strongly affects tar yield.
